Abstract: A five-channel frequency-division multiplexing (FDM) fiber laser sensor array based on multilongitudinal mode fiber lasers (MLMFLs) and beat frequency demodulation was proposed. Detailed theoretical analysis of the FDM principle was also described. The potential application of the MLMFL-based FDM for strain measurement was further experimentally studied. The strain sensitivity of À0.92 kHz/" at 1183.52 MHz is consistent with the theoretical calculation. The proposed FDM sensing system only needs one detector and one general frequency analyzer for monitoring all sensors. This all-electrical demodulation improves the stability of the fiber sensor and greatly decreases the cost of sensors. It offers a competitive technology for large-scale monitoring field.
Introduction
Fiber laser sensors have attracted many interests because they have several advantages, such as compact size, high signal-to-noise ratio, and electromagnetic interference immunity. They have been applied in many sensing applications such as measuring temperature and strain [1] - [3] , lateral force [4] , [5] , acoustic wave [6] , and many other parameters. Recently, a novel multi-longitudinal mode fiber laser (MLMFL) sensor based on monitoring the beat frequency signal (BFS) between any two longitudinal modes was proposed and demonstrated to measure strain and temperature [7] - [11] . Since the electrical BFS is in the radio frequency (RF) range, which can be generated directly through photodector (PD), all-electrical demodulation device is required for monitoring the beat frequency shift rather than the complicated optical device. As a result, the demodulation device of the proposed scheme is rather simple and the cost is also much lower than other optical demodulation technology. Furthermore, if the multiplexing technology based on beat frequency demodulation can be achieved, it will further reduce the cost of each sensor. The advantage of low-cost makes this kind of fiber laser sensor more competitive than the traditional sensor, especially in the large-scale industrial which is more sensitive to the price.
To solve this problem, a six-channel frequency division multiplexing (FDM) polarimetric fiber grating laser array was reported by side-exposing fiber laser cavity using UV beam [12] . However, it needs to rotate the fiber laser to find out the polarization axes of the fiber laser cavity during the process of UV beam exposure. This process is a little complex. In addition, a wavelength-division multiplexing sensor system was proposed base on MLMFL [13] . In this method, two matched wavelength division multiplexers (WDMs) were required for addressing each sensor, it needs many PDs and frequency spectrum analyzers to monitor every channel. Furthermore, these two methods require additional optical equipment for demodulating the sensing information of the designated sensor. A simpler and lower-cost multiplexing technology is highly desired for the fiber laser sensor array.
In this paper, we proposed a novel FDM demodulation technology for fiber sensor array. A 1 Â 5 FDM MLMFL sensor array was implemented based on an improved MLMFL sensor and beat frequency demodulation. Since the frequency interval of the BFS depends on the cavity length of the MLMFL, the BFS of each sensor can be distinguished based on the exclusive frequency range when the frequency of the BFS is below the mixing frequency. In the proposed sensor system, only one PD and one frequency spectrum analyzer (FSA) are required for monitoring all sensors, it will greatly decrease the cost and promote the application area of MLMFL sensor.
Principle
The schematic diagram of the proposed FDM sensing system is illustrated in Fig. 1 . The 1480 nm pump light is launched into each MLMFL cavity through a wavelength division multiplexer (WDM) and four couplers. An optical isolator is placed between the pump laser and the WDM to eliminate unwanted light reflection. There are five MLMFL sensors in the system as an example. Each MLMFL cavity is formed by a fiber Bragg grating (FBG), a section of Erbiumdoped fiber (EDF), and a Faraday rotator mirror (FRM). A FRM is used to eliminate the polarization noise and enhance the noise-signal ratio of the sensor. The pump power of every MLMFL is approximately identical by using four couplers with different coupling ratios. When the MLMFL are pumped by the 1480 nm laser, many longitudinal modes are excited in the laser resonant cavity of each MLMFL. The light signals of all sensors converge into one fiber through the WDM and four couplers. The electrical BFS is generated on the PD by beating any two different longitudinal modes. The sensing information can be obtained by measuring the frequency shift of the BFSs by using a FSA.
In Fig. 1 , the BFSs of all MLMFL sensors are generated on the PD and detected by the FSA. The BFS produced by any two different longitudinal modes can be expressed as follows: where N denotes the order number of the beat frequency signal, whose value is N ¼ j À i ðN ¼ 1; 2; 3; . . .Þ, i and j denote the laser mode number, v N is the frequency of the BFS, c is the light velocity in vacuum, L is the cavity length of the laser, and n eff is the effective refractive index. According to (1), we can obtain that v N ¼ Nv 1 , where v 1 is resonant frequency of the fiber laser cavity, which is equal to c=2n eff L.
When the strain is applied on the laser cavity, the cavity length L will change, and the effective refractive index n eff also changes due to the photoelastic effect. Thus, the BFS will shift with the strain change, which can be expressed as [7] , [8] 
where P e is the effective photoelastic coefficient which is about 0.22, and " is the applied strain. By measuring the BFS, the strain can be obtained. For the FDM sensing system, there are many different BFSs in each of MLMFL sensors. Fig. 2 , the BFSs from different laser sensors may overlap with each other when the frequency is greater than some value. For the first-order BFS, let the frequency separation Áv of any two adjacent lasers sensor be identical; thus, we have
As shown in Fig. 2 , the adjacent frequency interval of the 2nd order BFSs is 2Áv , the adjacent frequency interval of the 3rd order BFSs is 3Áv , and so on, the adjacent frequency interval of the Nth order BFSs is NÁv .
For fiver MLMFL sensors, provided that the ðN À 1Þth-order BFSs of the fifth laser sensor overlaps with the Nth-order BFSs of the first laser sensor, which is given by ðN À 1Þ 
Since v For the general case, assuming there are k MLMFL sensors in the sensor array, thus we have ðN À 1Þv
we can obtain the maximum number of the multiplexed sensors, which is given by
According to (5) , the multiplexing number of the sensor depends on v 1 1 , which is the first-order beat frequency of the MLMFL sensor with the longest laser cavity, and Áv , which is corresponding to the first-order BFS frequency interval of two adjacent lasers sensor.
In addition, the frequency shift of the BFS induced by the applied strain may lead to the signal crosstalk of two adjacent beat signals. To avoid this crosstalk, the maximum frequency shift of the beat signal should be lower than the frequency interval of ðN À 1Þth-order beat signal, it can be expressed as
Therefore, the maximum sensor number of the system also depends on the strain measurement range. Assuming v 1 1 ¼ 100 MHz, the maximum strain is 5000 ". If the maximum detectable frequency is 1.2 GHz which corresponds to the mode number N ¼ 12, the maximum number of the sensors is 22. If the maximum detectable frequency is 800 MHz, in this case, the mode number N ¼ 8, and the maximum number of the multiplexing sensors is 33. Because these parameters can be flexibly designed in the proposed system, the multiplexing system shows a better adaptability for different application fields.
Experiments and Results
To verify the feasibility and study the performance of the FDM sensing system, we set up a 5-channel FDM MLMFL sensor array. In the experiment, the coupling ratio of the four couplers The length accuracy of the laser cavity is 0.001 m and the last figure of the length value is estimated. Thus, we can obtain the frequency intervals of the first order BFSs for any two adjacent sensors, which are 38 kHz, 52 kHz, 60 kHz, and 64 kHz, respectively. The sensor array is pumped by a single 1480-nm laser. When the output power of the pump laser is about 300 mW, many longitudinal modes from five MLMFLs are stably established and the BFS are also generated stably on the PD. Fig. 3 shows the beat frequency spectra of 5-channel laser array in RF domain measured by the FSA. As shown in Fig. 3(a)-(d) , the order numbers of the beat signal are 13, 20, 27, and 34, respectively. For a given laser sensor, the frequency interval between two adjacent BFSs is equal to c=2n eff L and the frequency separation between the ith order BFS and the jth order BFS is equal to ðj À iÞc=2n eff L. According to (1), the frequency separation of every two adjacent lasers sensor is proportional to the BFS order N, and the value is equal to NÁv . As illustrated in Fig. 3 , it is obvious that the frequency separation of two adjacent lasers increases with the increase of the BFS order number. For N ¼ 13, the frequency separation of 1st and 2nd lasers sensor is 496 kHz. For N ¼ 34, the frequency separation value is 1334 kHz. It is consistent with the theoretical expectation. According to (4) , when the order number N of the BFS is lower than some value, which is given as
All BFSs of different orders from the different MLMFL sensors have no overlap with each other for all signals. In our experiment, v , and the theoretical value of the order number of BFS is N G 205. This means that if no strain is applied on the sensor's cavity, all the 204 orders of BFS will not overlap or crosstalk with each other theoretically. Therefore, when N ¼ 34, the BFSs can be observed without overlapping with each other which is shown in Fig. 3(d) , and the sensing information of each sensor can be distinguished by the FDM technology.
The potential application of the proposed MLMFL sensors array for strain measurement was demonstrated experimentally. The first MLMFL sensor was chosen for the strain experiment. The two ends of the laser cavity were fixed on the stationary stage (SS) and a translation stage (TS), respectively. During the test, the stationary stage is fixed and the translation stage can be moved manually with a stepping resolution of 0.01 mm. The strain applied on the laser cavity is changed by moving the TS manually. A BFS of 1183.52 MHz was chosen for measurement. The frequency spectra of the sensor array at different strain levels are shown in Fig. 4 . It can be found that the BFS shifts to low frequency as the applied strain is increased. The response of the BFS to strain is shown in Fig. 5 . The frequency of BFS is varied linearly with strain, and the strain sensitivity is À0.92 kHz/" at 1183.52 MHz. The theoretical strain sensitivity is À0.923 kHz/" at 1183.52 MHz according to (2) , which is also plotted in Fig. 4 . The experimental result agrees well with the theoretical result.
We also investigated the stability of the MLMFL sensor, which depends on the environment temperature and the stability of the pump power. The first MLMFL sensor was chosen for the stability test. During the stability test, the optical fiber laser sensor was directly placed in the lab and the temperature was kept at room temperature. The fluctuation of the pump power is less than 50 w by using an auto power controller. The stability of the first MLMFL sensor is shown in Fig. 6 . The fluctuation of the beat frequency is about AE3 kHz within 100 minutes at 1183.517 MHz, which corresponds to the accuracy of AE3:3 ". If the MLMFL is placed in a temperature chamber, where the temperature can be controlled exactly, the stability of the MLMFL sensor will be improved, and the accuracy will also be increased.
Conclusion
In summary, we have demonstrated the FDM technology theoretically and experimentally. Through careful design on the cavity length of each sensor, many sensors can be multiplexed by using the FDM technology. The multiplexing capacity of the system was analyzed in detail theoretically. When the frequency is lower than the maximum detectable frequency, the beat signal of each sensor will not overlap with each other and can be distinguished based on exclusive frequency range. A five-channel FDM MLMFL sensors array based on beat frequency demodulation has experimentally validated. The strain measurement has been demonstrated. The experimental strain sensitivity of À0.92 kHz/" at 1183.52 MHz is in accord with the theoretically expectation. The experimental result indicates that the proposed FDM technology has the ability to monitor multiple sensors simultaneously. The proposed MLMFLs formed by a FBG, a section of EDF, and a FRM are very simple and stable. The proposed demodulation system needs only a PD and a general FSA, it greatly decreases the cost of each sensor. The low cost makes the MLMFL sensor competitive with the common piezoelectric sensor or vibrating wire transducer, and it will greatly promote the application field of the fiber sensor array because of its advantages of low cost and simple structure.
